certain number of field studies have been done, obtaining an In recent years the use of pesticides in agriculture has been association between occupational exposure to complexes of increasing steadily. At present there are more than 1000 pesticides and the presence of chromosomal aberrations as a chemicals classified as pesticides. Therefore, the widespread factor which increases the risk of cancer (Nehez et al., 1981 ; use of pesticides and their potential genetic hazard suggests Rita et al., 1987; Rupa et al., 1988 Rupa et al., , 1989 De Ferrari et al., 1991 ; that evaluation of their genotoxicity should be extended Bolognesi et al., 1993; Garaj-Vrhovac and Zeljezic, 1999) . using the newer assays now available. In the present study
In the last few years the Comet assay has been applied in chromosomal aberration analysis and the alkaline single the evaluation of the possible genotoxic action of various cell gel electrophoresis (Comet) assay were used to evaluate pesticides (Ribas et al., 1995; Clements et al., 1997 ; Sasaki the extent of DNA damage and DNA repair in peripheral et al., 1997; Vigreux et al., 1998) . blood lymphocytes of subjects employed in pesticide pro-
The widespread use of these chemicals and their potential duction. In order to determine possible primary genotoxic genetic hazard suggests that the evaluation of their genotoxicity effects in workers blood samples were taken after an 8 should be extended using the different assays available. In month long period of exposure to a complex mixture of occupational exposures longitudinal studies involving repeated pesticides. To detect the possible occurrence of DNA repair samplings from the same subjects can provide information on in lymphocytes of the same subjects the second blood the kinetics of individual DNA damage. sample was taken after an 8 month long period of absence
In the present study chromosomal aberration analysis and from the pesticide exposure zone. Regardless of the period alkaline single cell gel electrophoresis were used to evaluate of sampling, in the exposed group statistically significantly the extent of DNA damage and DNA repair in peripheral blood increased numbers of aberrant cells, chromatid and chrolymphocytes of subjects employed in pesticide production. In mosome breaks, acentric fragments and dicentric chromoorder to determine possible primary genotoxic effects in somes compared with the controls were found. After the workers blood samples were taken after an 8 month long workers had spent 8 months out of the pesticide exposure period of exposure to a complex mixture of pesticides. To zone the number of aberrant cells and all types of chromatid detect possible occurrence of DNA repair in lymphocytes of and chromosome aberrations decreased significantly comthe same subjects a second blood sample was taken after an 8 pared with sampling after the high exposure period, but it month long period of absence from the pesticide exposure zone. still remained significantly higher in comparison with the control group. After the period of high exposure to a mixture of pesticides statistically significantly increased Materials and methods levels of DNA damage in the Comet assay in terms of tail Subjects length and tail moment were found. After the workers Both chromosomal aberration analysis and Comet assay analysis were perwere removed from production for 8 months both Comet formed on blood samples of the two study groups. The first group consisted assay end-points decreased significantly compared with the of workers employed in three different pesticide production units at the same first sampling point, but they remained increased compared time (the pesticide synthesis, concentrated emulsion production and powder and with the control.
liquid pesticide production units). The average duration of their employment in pesticide production was 22.25 years (range 4-30 years). During production all subjects were simultaneously exposed to a complex mixture of pesticides (atrazine, alachlor, cyanazine, 2,4-dichlorophenoxyacetic acid and malathion) spending the same amount of time in each of the three production units.
Introduction
Production only occurs for 8 months of the year. During the next 8 months
In recent years the use of pesticides in agriculture has been workers are transferred to jobs outside the pesticide exposure zone. For that increasing steadily. At present there are more than 1000 reason two blood samples were taken from each individual: the first after the 8 month long period of daily exposure to pesticides spent actively working chemicals classified as pesticides (Torres et al., 1992) . Because in pesticide production and a second after a period of no pesticide exposure, large amounts of these chemicals are released into the environwhich means 8 months after the end of the production season. The control ment daily and many of them affect non-target organisms, group was composed of persons chosen from the general population with no they may represent a potential hazard to human health. Occupational exposure to pesticides has been associated each control subject two blood samples were taken and the results are presented as the mean value of both sample analyses. The times of blood with several neoplastic diseases. In particular, a significant sampling were identical to those for the exposed group. The exposed subjects increase was found in the incidence of multiple myeloma and the controls had not taken any medicines nor had they been exposed to (LaVechia et al., 1989; Brown et al., 1990) , non-Hodgkin's any kind of radiation (diagnostic or therapeutic) for 12 months before lymphoma (Hoar et al., 1986; Cullen et al., 1990 ), Hodgkin's blood sampling.
Demographic characteristics of both groups are shown in Table I. lymphoma (LaVechia et al., 1989) , soft tissue sarcoma (Hardell Age in years and extent of smoking, expressed as number of cigarettes smoked per day, are reported as means Ϯ SD.
Methods chromosome aberrations significantly decreased compared with
Venous blood was taken from each subject using heparinized syringes.
the sampling after the high exposure period, but it still remained
Immediately after sampling the blood was put on ice and brought to the significantly higher in comparison with the control group. So, laboratory for analysis. The same blood sample was analyzed using both the mean value of the total number of aberrations found in the methods: chromosomal aberration analysis and the Comet assay.
control group was 1.02 Ϯ 0.77, whereas in the exposed group
For chromosomal aberration analysis whole blood samples were cultivated in F-10 medium (Sigma) at 37°C in the presence of 0.5 ml of phytohemagglutinin after the period of high pesticide exposure it was 6.7 Ϯ 1.75 increased levels of DNA damage in terms of tail length and
The Comet assay was conducted under alkaline conditions according to tail moment were found. After the workers were removed Singh et al. (1988) . All chemicals used to perform the Comet assay were from production for 8 months both Comet assay end-points obtained from Sigma. Two microliters of whole blood were suspended in 0.5% low melting point agarose and sandwiched between a layer of 0.6% significantly decreased compared with the first sampling point.
normal melting point agarose and a top layer of 0.5% low melting point Nevertheless, at the second sampling point both tail length agarose on fully frosted slides. During polymerization of each gel layer the and tail moment still remained significantly increased compared slides were kept on ice. After solidification of the 0.6% agarose layer the with the control. slides were immersed in lysis solution (1% sodium sarcosinate, 2.5 M NaCl,
In Table IV the distributions of tail lengths and tail moments 100 mM Na 2 EDTA, 10 mM Tris-HCl, 1% Triton X-100 and 10% DMSO) at 4°C. After 1 h slides were placed in electrophoresis buffer (0.3 M NaOH, are shown. Distribution of both Comet assay end-points 1 mM Na 2 EDTA, pH 10) for 20 min at room temperature to allow for DNA appeared to be wider after the workers had spent 8 months in varied between 6 and 25. At both blood sampling points values Statistics of tail lengths for the control subjects were from 6 to 20 µm Possible differences in chromosomal aberration analysis and Comet assay end-points between the control and exposed groups were evaluated using the and tail moments from 5 to 15. The multivariate analysis of Mann-Whitney U-test. In order to compare the variation in end-points of two variance showed that age, gender and smoking did not affect blood samples of exposed subjects Wilcoxon matched pairs test was used.
between-group variations in the Comet assay parameters.
In addition, to assess the statistical significance of confounding factors (age, Nevertheless, in the smokers control group and the exposed gender and smoking), a multivariate analysis of variance was conducted. group after the workers had spent 8 months in pesticide production a statistically significantly increased level of DNA Results migration was found. We also found a statistically significant Results of the analysis of structural chromosomal aberrations difference in the Comet assay parameters between males and are shown in Tables II and III . Regardless of the point of females of the exposed group after the pesticide exposure sampling, in the exposed group a statistically increased number period. of aberrant cells, chromatid and chromosome breaks, acentric fragments and dicentric chromosomes was found compared Discussion with the control. Chromatid exchanges were found only in the exposed group after the workers had spent 8 months in daily
Results of the chromosomal aberration analysis presented in this study suggest that long-term occupational exposure to pesticide production. After the workers had spent 8 months out of the pesticide exposure zone all types of chromatid and a mixture of pesticides (atrazine, alachlor, cyanazine, b Exposed I, exposed group after 8 months spent in pesticide production; exposed II, exposed group after 8 months spent out of production. c Statistically significant compared with the control (P Ͻ 0.001). d Statistically significant compared with the control (P Ͻ 0.01). e Statistically significant compared with the sampling after 8 months spent in pesticide production (P Ͻ 0.001). f Statistically significant compared with the control (P Ͻ 0.05). g Statistically significant compared with the sampling after 8 months spent in pesticide production (P Ͻ 0.01). h Statistically significant compared with the sampling after 8 months spent in pesticide production (P Ͻ 0.05). b Exposed I, exposed group after 8 months spent in pesticide production; exposed II, exposed group after 8 months spent out of production. c Statistically significant compared with non-smokers of the exposed group (P Ͻ 0.05). a Data are expressed as mean value of end-point/50 comets Ϯ SE. b Exposed I, exposed group after 8 months spent in pesticide production; exposed II, exposed group after 8 months spent out of production. c Statistically significant compared with the control. d Statistically significant compared with exposed group after 8 months spent in pesticide production.
2,4-dichlorophenoxyacetic acid and malathion) could cause a precursor cells in bone marrow and thymus, as suggested by Carrano and Natarajan (1988) . significant increase in the level of DNA damage. A significant increase in the number of both chromatid and chromosomal After the workers had spent 8 months out of pesticide production both chromatid and chromosomal types of aberratypes of aberrations found in the group of workers after the period of pesticide production suggests that a mixture of tion significantly decreased compared with the first sampling time. Furthermore, in the lymphocytes of workers no chromatid pesticides could express clastogenic activity. This finding is supported by the appearance of dicentric chromosomes and exchanges were detected after the no exposure period. These results are in agreement with those obtained by Van Bao et al. chromatid exchanges as complex aberrations that were not detected in the control subjects. Although chemical agents (1974) , Mustonen et al. (1986) , Paldy et al. (1987 ), De Ferrari et al. (1991 ), Carbonell et al. (1995 and Kourakis et al. mostly lead to the appearance of chromatid aberrations, there is evidence that, due to their structure, some of them could (1996) . According to Carrano and Natarajan (1988) , there are short-lived and long-lived lymphocytes. Short-lived lymphoalso induce chromosome types of aberrations, as shown in the present study (Obe and Beck, 1982; IAEA, 1986; Carrano and cytes may exist for several years while long-lived lymphocytes have been found to exist for decades. Because in the bloodNatarajan, 1988). The chromosome types of aberrations could also arise due to misrepair of lesions in the G 0 stage of stream the majority of lymphocytes are in the G 0 stage, the frequency of chromosomal aberrations remains at the same circulating lymphocytes as well as derived aberrations from Shah et al. (1997) showing that pesticides could induce types Table V . Comet assay end-points according to gender of the subjects and of DNA damage that could be detected by the Comet assay. their smoking habits in the control and exposed study groups a Some other authors were also able to demonstrate a genotoxic effect of various pesticides by the Comet assay (Ribas et (King et al., 1993; Fairbairn et al., 1995; Shah et al., 1997) . damage by the production of undamaged lymphocytes from the stem cell pool. In spite of these three processes, lymphocytes a Data are expressed as mean value of end-point/50 comets Ϯ SE.
of workers at the second sampling point manifested a significb Exposed I, exposed group after 8 months spent in pesticide production;
antly higher amount of DNA damage measured by both Comet exposed II, exposed group after 8 months spent out of production. c Statistically significant compared with non-smokers of the control group assay end-points compared with the control. This finding
suggests that not all DNA damage was repaired and that some d Statistically significant compared with females of the exposed group new DNA lesions might be induced by misrepair.
(P Ͻ 0.05).
As shown in Table V , we were able to find a significantly e Statistically significant compared with non-smokers of the exposed group higher DNA migration level in smokers of the control group (P Ͻ 0.05).
as well as in the exposed group after the period of pesticide production, which correlates with results obtained by Frenzilli level even many years after exposure. In the case of chemicalet al. (1997) , Sardas et al. (1995) and Betti et al. (1994 Betti et al. ( , 1995 . induced lesions the cells must go through an S phase in order
In contrast, no differences between Comet assay end-points of to be transformed into aberrations, which does not take place smokers and non-smokers were detected at the second sampling until the cells are stimulated with mitogen in vitro, allowing point, which agrees with the results of Wojewodzka et al. a considerable time for repair of the lesion. So, detected (1999) , which could be a consequence of the introduction of decreases in chromosomal aberrations could result from various a large amount of DNA damage in the genome due to pesticide independent events. Lymphocytes expressing high levels of exposure. As for the chromsomal aberration analysis, due to DNA damage could die because of high genomic instability the small proportion of females in the control group it was and/or the majority of the DNA damage could be efficiently not possible to determine differences in the level of DNA repaired during these 8 months of non-exposure. An additional damage with regard to gender of the subject. In the exposed reduction in number of cells carrying chromosomal aberrations group the proportion of female subjects was larger (eight could be obtained by production of undamaged lymphocytes females) than in the control group (three females) and also the from the stem cell pool (Obe and Beck, 1982; IAEA, 1986;  females of the exposed group were mostly non-smokers, so it Carrano and Natarajan, 1988) . The finding that in three subjects was possible to detect differences in the Comet assay endoccupationally exposed to pesticides dicentric chromosomes points between males and females. Due to intensive changes were detected both after pesticide production and after the no in the lymphocyte pool during the 8 months of non-exposure exposure period could be explained by the clastogenic action (death of highly damaged cells and production of undamaged of pesticides on precursor cells in bone marrow and thymus lymphocytes from the stem cell pool) the differences in the (Carrano and Natarajan, 1988) .
Comet assay parameters between exposed smokers and exposed Nevertheless, an 8 month long period of non-exposure non-smokers might be lost at the second sampling point. was not long enough for all chromosomal aberrations to be According to the results shown in Table IV the distribution efficiently repaired. Furthermore, some new aberrations might of tail length and tail moment is much wider in the lymphocytes be introduced by misrepair of primary lesions. Both these of the exposed subjects for the first sampling point compared findings resulted in a significantly increased number of aberrawith the control and exposed subjects at the second sampling tions at the second sampling point compared with the control.
point. Some of these comets differ in the values of both endIn the present study we were unable to detect significant points by a factor of two. As suggested by Fairbairn et al. differences in the numbers of chromosomal aberrations related (1995) , it could be due to the appearance of some subto smoking habit or gender of the subjects, which is in populations of lymphocytes resistant to pesticide genotoxicity. agreement with the results of many other authors (Paldy et al., The results presented in this study stress the necessity of a 1987; De Ferrari et al., 1991; Carbonell et al., 1995) . Namely, further more detailed testing of pesticide genotoxicity. They with regard to an elementary concept in statistics, even if the also point out the need for permanent biomonitoring of subjects groups of subjects are 'perfectly representative' these effects occupationally exposed to various mixtures of pesticides, in will not be statistically significant if the sample is small (three order to detect early cytogenetic biomarkers of exposure and females and six non-smokers in the control group).
to prevent further induction of DNA lesions which could The results of the Comet assay presented in this study induce neoplastic growth of damaged somatic cells. confirm the ability of a mixture of pesticides (atrazine, alachlor, cyanazine, 2,4-dichlorophenoxyacetic acid and malathion) to Acknowledgement cause a significant increase in the level of DNA damage. This finding is supported by the work of Fairbairn et al. (1995) and
